Vibration control of a plate using an optical fiber sensor and a PZT actuator is considered in this study. An aluminum plate with attached Extrinsic Fabry-Perot Interferometer (EFPI) and PZT actuator is prepared for experimental investigation. Vibration level of EFPI that can represent the mechanical strain without severe distortion is validated by forced vibration experiment.
Introduction
There have been increasing interests in vibration control of structural systems using smart materials [1, 2] . In order to realize this function of smart structures, many researchers have studied functional materials, their characteristics and analysis methods of smart structures.
They also investigated sensor and actuator placement problem, controller designs, and many other relevant research topics. Among several functional materials, the optical fibers are the preferred sensor materials that can produce sensors that are small, lightweight, less power consumed, immune to electromagnetic interference, and easily installable onto/into host structures. In addition, the optical interferometer sensor is one of the most effective strain sensors in terms of resolution.
The application of optical fiber sensors in smart structures was initiated with health monitoring purpose [3, 4] in late 80's. Since the optical fibers can be inserted in the laminated composite structure, they can directly measure internal strain states inside the structure as well as surface strain, unlike conventional strain sensors. Hong et al. [5] studied characteristics of Extrinsic Fabry-Perot Interferometer (EFPI) in the delaminated composite structures. Park et al. [6] used a fiber optic sensor to identify the influence of the buckling and delamination failures. The signals of the fiber optic sensor from buckling or delamination growth were quantitatively evaluated by short time Fourier transform and wavelet transform.
Recently, optical fiber sensors have also been utilized in dynamic measurement and vibration control. Yang and Jeng [7] showed that bending vibration could be effectively reduced by using the optical fiber as a Michelson interferometer to detect the structural vibration and the PZT actuator. They used simple classical control, and higher feed back gain leaded to improved vibration suppression. Note that the Michelson interferometer 4 sensor used in reference [7] measures only the integrated mechanical strain along the embedded fiber path. Leng et al. [8] proposed the use of a fiber optic sensor and electrorheological (ER) fluid for vibration monitoring and control of composite structures.
Chun et al. [9] performed direct negative velocity feedback control of a carbon/epoxy laminated beam using Fabry-Perot interferometer and PZT actuator. Literature survey shows that vibration control using optical fiber sensors has not been thoroughly explored. The objective of this paper is to integrate the state of the art fiber optic sensor [6] and piezoelectric based vibration control [2] technologies for the realization of optimal multi-modal vibration control. The vibration measurement characteristics of EFPI are investigated by means of forced vibration experiment, and a linear-quadratic Gaussian (LQG) optimal controller is designed and experimentally validated for the suppression of the first three vibrational modes of an aluminum plate.
that they are easily affected by external disturbances.
In contrast, Fabry-Perot interferometers use a single line as reference and sensing line and can be effectively used to measure local strains.
Fabry-Perot Interferometers can be classified into the intrinsic and extrinsic sensors depending on whether the light medium is optical fiber or air in the gauge part of the fiber optic sensors. Intrinsic sensors have serious drawbacks such as the beating and drifting of signal. However, there are no such drawbacks for extrinsic sensors. In this study, therefore, an EFPI was developed to be used as a sensor in vibration control system, and its schematic diagram is shown in Fig. 1 . The reflected intensity, I, can be written as a sinusoidal function as follows:
where A and B are functions of the fiber core radius, the air gap separation, the transmission coefficient of the air/glass interface, and the numerical aperture; and φ is the optical phase.
For small variation of the air gap separation, variations of A and B are negligible. So, these are assumed to be constants. The relation between optical phase, φ, and the gap separation, s, is given as
where k is the wave number defined as 2πn c /λ 0 ; n c is the refractive index of EFPI in the gauge length, and λ 0 is the wavelength of laser diode in a vacuum state, 1310 nm. By using eq. (2), ∆φ can be written as follows:
There is no change of refractive index in the gauge length since the light medium of EFPI is air, n c ≅ 1 and ∆n c ≅ 0. Since ∆n c is almost zero, EFPI have immunity to polarization fading and transverse strain intensity. Using n c ≅ 1, ∆n c ≅ 0, and λ 0 = 1310 nm, ∆φ can be rewritten as follows:
In order to fabricate an EFPI as shown in Fig.1 , the ends of a pure silica capillary tube were bonded to the optical fibers with epoxy. The Fresnel reflection from glass/air interface at front of air gap, s, and the reflection from the air/glass interface at the far end of air gap interfere in the input/output fiber. The gauge length, L, and the air gap length, s, were measured by using a microscope and the measured values are about 5.13 mm and 55µm, respectively. Fiber optic sensor system used in this study consists of a current source, a power supply, a laser diode, photo detectors, a bi-directional coupler, and an isolator as shown in Fig. 2 . The detailed description of the present optical fiber sensor system can be referred to reference [6] . 7 The strain data can be obtained from the measured ∆φ. In this paper, vibration control experiment has been performed in approximately linear range, i.e. within peak and valley. If we can obtain 100 data points, which are conservatively estimated, between peak and valley, the resolution of the EFPI is 0.6384×10 -6 strain. Therefore, the EFPI sensor could be applied to small amplitude vibration with high sensitivity and low noise.
Vibration sensing characteristics of EFPI
Owing to the characteristics of interferometric optical fiber sensors, the output intensity of EFPI does not represent the exact mechanical strain for the vibration as explained in Fig. 3 .
Output intensities of EFPI sensors for the same mechanical vibration could be different according to the initial phase difference of two reflected rays. In addition, the interference signal gives distorted vibration information near the local maximums and minimums, φ = 2nπ However, the initial phase is related to initial residual strain, which happens during the bonding process of sensors, so that we cannot arbitrary control the initial phase of the sensor with a given laser wavelength. Therefore, it is necessary to identify the effective linear range of the sensor in a specific application. But we used a laser displacement sensor for the comparison instead of strain gauge. Because the strain is maximum at root and the displacement is maximum at tip for the bending mode, we attached each sensor at the corresponding location. There is a strong correlation between two sensors at least linear range as shown in Fig. 5 . The amplitude of EFPI sensor signal is considered as the strain amplitude at the location where the EFPI sensor is bonded.
Therefore, we can obtain strain-based vibration signal with high sensitivity and low noise.
Output signal of the EFPI becomes distorted, as the vibration amplitude increases very much.
Therefore, the experiment of vibration suppression is conducted within the vibration range EFPI can represent the mechanical strain without severe distortion. In addition, a second order Butterworth high-pass filter is used to remove D.C. offset of EFPI signal during the vibration control experiment.
Controller design
In this study, an LQG controller is considered for the multi-modal vibration suppression.
A numerical system model is obtained by using the information of poles and residues of the transfer function obtained by random excitation experiment. Frequency response functions of real and identified models are compared in Fig. 6 The first three modes are chosen to be the target of vibration suppression. In order to design LQG controller, the stochastic system and noisy-output measurement were considered as follows:
where process noise, ξ(t), and measurement noise, θ(t), are uncorrelated zero-mean, Gaussian, white-noise random vectors. The problem is to find a dynamic compensator that uses measurements of u and y to generate a control input u that minimizes the performance
given the stochastic system (6) and noise matrices Ξ and Θ for the white-noise process ξ and θ [10]. The covariance of θ is calculated from the sensor output when the plate is stationary. For the process noise the covariance, Ξ, is assumed to be the same as the measurement noise.
Weighting matrix R is fixed to identity, R = [1] , and Q is considered to be diagonal. An LQG controller is designed by changing Q to achieve about 20 dB decreases in frequency response at each mode. Frequency response of the closed-loop system using the designed LQG controller is shown in Fig. 7 . The selected Q matrix is given as follow:
The Kalman filter gain, K f , for the optimal-estimator, 
Experimental Results and Discussion
The designed LQG controller is implemented in a digital signal processing (DSP) board (DS1102). For the observation of the control performance, steady state response in the frequency domain and transient response in the time domain are measured.
Firstly, for the frequency domain experiment, a random signal generated from the FFT analyzer and the control signal generated from the controller are summed and fed into the PZT actuator through a high voltage amplifier. it takes about 0.5 sec for LQG control case. Control performances for the second and third modes are similar to that of the first mode. As we can see, the first three vibrational modes of the plate are successfully suppressed using the EFPI sensor and PZT actuator.
It is observed that the experimental frequency response is inconsistent with the simulation result. The resonant frequencies are somewhat different. The effect of low-pass filter is considered as the reason of this discrepancy. In many cases, low-pass filters are used to eliminate high frequency noises including electrical noise. A second order Butterworth filter with 60 Hz cut-off frequency is used in the experiment. The variation of magnitude is negligible but the phase variation must be considered in the frequency range including three resonant frequencies of the plate. The closed-loop structural poles of second and third modes are moved to the position farther from the origin due to the poles of low-pass filter.
The simulation result of the closed-loop system including the filter is compared as shown in Fig. 12 . The closed-loop system considering the low-pass filter is closer to the experimental result than the system that does not include the filtering effect. Stability of the closed-loop system is not degraded though the low-pass filter is used. The stability margin of the total closed-loop system is calculated as follows: Gain Margin = 3.17, Phase Margin = 44.8°. The effects of filters used in the experiment must be carefully taken into account and the appropriate structure of filter should be chosen to prevent any possible negative effects.
Conclusion
An Extrinsic Fabry-Perot Interferometer is applied to the vibration control of a plate structure. The vibration sensing characteristics of the EFPI are investigated and compared with that of laser displacement sensor. Depending on the initial air gap separation, s, and the amplitude of vibration, the optical fiber sensor can produce distorted signals. However, by changing wavelength of laser diode, we can obtain optical phase of φ = (2n+1/2)π or φ = (2n+3/2)π so that sufficiently wide dynamic range are guaranteed. A numerical system model is obtained by using the experimental frequency response functions and an LQG controller is designed for the multi-modal vibration suppression. The performance of vibration control is observed in the time domain and the frequency domain.
The experimental results show that first three modes of the plate are successfully suppressed using EFPI sensor, PZT actuator and LQG controller. In the frequency domain experiment there are more than 15 dB reduction of magnitude at each mode. Optical fiber sensor could be applied to the field of structural vibration control as well as many other fields including health monitoring. In experimental implementation, the effects of filters used to eliminate unwanted noise must be carefully taken into account and the appropriate structure of filter should be chosen to prevent any possible negative effects. 
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